Introduction
The development of new biomaterials for technical and medical applications is one of the most challenging tasks for material science today. In our search for new silica-based biomaterials with elastic properties the focus is on the spicules of marine glass sponges of the class Hexactinellida (Porifera). Different representatives of marine glass sponges are remarkable for their highly flexible basal anchoring spicules which are glassy fibres several millimetres in diameter [1] and up to three metres in length [2] -a size which is exceptional for a siliceous biological structure. In the last decade the fibre-optical characteristics of the Hexactinellida spicules have also gained special interest [3] . Species of the class Hexactinellida are distributed in all oceans, and live at depths from 30 to 6235 m [4] . The objects of our study -Hyalonema sieboldi -are typical representatives of the glass sponges, which are also known as "glass rope sponges" because of the twisted column of their basal spicules. These basal root tuft spicules anchor the sponge in soft bottom sediment. Thus, this kind of thorn stalk can curve under the influence of water flow and thus easily adapt to changing flow conditions and strengths [5] . Hexactinnelida is known as the phylogenetically oldest taxon within metazoan phyla [6] . The biosilification processes in these sponges are still poorly understood [7] . There- fore, the investigation of the biochemical composition and the microstructure of the spicules as examples for natural structural biomaterials is of fundamental scientific relevance. Glass sponges are fascinating research objects because of the hierarchial organization of their spicules from the nanoscale to the macroscale [1] . It was generally accepted that their skeletons are composed of amorphous hydrated silica [8] deposited around a proteinaceous axial filament [9] . However, the nanolocalization of the proteinaceous component of the spicule was not investigated in detail because of the lack of a demineralization method which preserved the organic matrix during desilicification. Up to now, the common technique for the desilicification of sponge spicules was based on hydrogen fluoride solutions. Kölliker in 1864 was the first who described the use of HF solution for demineralization of Hyalonema spicules [10] . Sollas in 1888 reported about sponge spicule desilicification methods based not only on HF, but also on boiling solutions of KOH [11] . A HF-etching procedure developed for microscopical investigations of the structure of sponge siliceous spicules was described by Vosmaer & Wijsmann in 1902 [12] and is used also today. A Similar HF-based desilicification method was used by Schmidt in 1926 for comparative study of organic and inorganic substances within spicules of Hyalonema and Monorhaphis species [13] . HF dissolution of silica was used more recently for visualization of sponges axial filaments, but was satisfactory only for determining their gross morphology and has the drawback of partially masking their fine details [14] . Removal of the silica from the face of the block by soaking in HF circumvents some problems but results in the loss of the freed filaments which are no longer supported by a surrounding matrix to hold them in the section [15] . Also cathepsin-like proteins called silicateins were isolated from siliceous spicules of Tethya aurantia by dissolving the silica in HF/NH 4 F solutions [16] . However, the fibrillar organic matrix was described for Euplectella sp. spicules desilicated using HF gas and not solution [17] . Although the HF-based silica dissolution procedure was criticised for the first time by Bütschli as early as 1901 [18] , this kind of desilicification was not reported again as being a rather aggressive chemical procedure which could drastically change the structure of proteins until 2003, this time by Croce et al. [19] . Another biogenica silica digestion method [20] , based on Na 2 CO 3 or 0.5 M NaOH with subsequent heating at 85 °C, is also not acceptable for these purposes as it leads to denaturation of the proteins. With the aim of demineralising skeletal structures in H. sieboldi, in the present work a strategy consisting of the slow etching of a silica-containing component based on the use of an alkaline solution of sodium hydroxide at 37 °C was applied for the first time. The main principle of this kind of demineralization is based on alkali-silica reaction. Basically, the hydroxyl ions attack the stronger siloxane bridge (Si-OSi) near the surface of the reactive siliceous component and break it down. The negative charge created by this breakdown is balanced by the positively charged alkali ions:
Es wurden Basal-Spiculen des Glasschwammes
As the reaction proceeds, alkali hydroxide penetrate into the siliceous particle, thus loosening the lattice structure ( Fig. 1 ). This type of biosilica dissolution is not applicable to wellcrystallized silica (quartz), but efficient for amorphous silica because of the increased surface area and a disordered, open structure [21] . In the present work, we provide a study confirming our hypothesis that an organic matrix of collagenous nature within the H. sieboldi spicules is responsible for their extraordinary mechanical properties. The results show unambiguously that a fibrillar protein of collagenous nature is the template for silica mineralization in sponges.
Materials and Methods
The object of our study was Hyalonema sieboldi (Gray 1835), collected in the Pacific Ocean, 12 °N -137 °E at a depth of 5000 m. The schematic view of the chemical etching of spicules and extraction of collagen is presented in Figure 2 . Purified dried H. sieboldi glass sponge basal spicules (length 50 cm, diameter 1.5 mm) were washed three times in distilled water, cut into 2-5 cm long pieces and placed in a 10 ml plastic vessel containing 5 ml 2.5 M NaOH solution. The vessel was covered to restrict evaporation, placed under thermostated conditions at 37 °C and shaken slowly for 14 days. The effectiveness of the slow alkali etching was monitored using Scanning Electron Microscopy (SEM) and Laser Scanning Microscopy (LSM) at different locations along the spicules' length and within the cross-sectional area. Alkali extracts of Hyalonema spicules containing fibrillar protein were dialyzed (48h at 4 °C) against deionized water on Roth (Germany) membranes with a cut-off of 14 kDa. The dialyzed material was dried under vacuum conditions in a CHRIST Lyophylizer (Germany). Lyophylisate was fractionated using HPLC (Beckman Coulter LC-126) under an acetonitrile gradient (0-60 %) in 0.1 % trifluoracetic acid. The approximate molecular weights of proteins in the corresponding HPLC fraction were determined by SDS-PAAG electrophoresis. Electrophoretic gels stained with Coomassie were used for the determination of the amino acid sequence by a mass spectrometric sequencing technique (MALDI, Finnigan LTQ) as described earlier [22] .
Results
Light microscopy investigations of the natural H. sieboldi spicules (Fig. 3) confirmed the multilayered silica structure, well known since the first microscopically investigation of this species by Schultze [23] in 1860 and present in all representatives of lyssacine Hexactinellida [8] .
SEM of the slow etching procedures reveals that a fibrillar organic matrix is the template for silica mineralization. Typical fibrillar formations were observed within the tubular silica structures in all layers starting from the inner axial channel up to the outermost surface layer of the spicules as shown in Figure 4 . To obtain clarity about the nature of the fibrils observed within glass sponge spicules, the following experiments were established. Natural glass fibres of H. sieboldi were characterized by x-ray diffraction. Untreated fibres show no reflection in the diffractogram (Fig. 5) , possibly because of the highly disordered structure of the silica shell. Etching by means of NaOH leads to a partial loss of the inorganic silica combined by a reorganisation of the organic component. Thus, we consider that the broad peak situated at between 13 and 40 °with a maximum at 22 °(2Θ) is evoked by collagen. The corresponding periodicity amounts to 3-6 Å with full width half maximum of 9.2 °or 4.96 Å. We expect the peak maximum at about 5 Å may be associated with the distance of peptide strands in the collagen triple helices [24] .
The microfibrils with a diameter of approximately 20-30 nm are organized in bundles with a thickness of between 1 µm and 5 µm, which can be easily identified by LSM (Fig. 4) , SEM (Fig. 6), AFM (Fig. 6) , and TEM (Fig. 6) . The morphology of these microfibrils is very similar to so-called "non- striated collagen fibrils" isolated previously from human cartilage [25, 26] , chick embryos [27] or from other vertebrates [28, 29] and examined using electron microscopy. Except for collagen, there are some other possible candidates (silicatein of axial filaments such as in Demospongia [16] ) which would explain the nature and origin of these ibrillar formations. Thus a biochemical analysis of isolated fibrils was performed. Only one main peak was obtained by HPLC separation of dialysed and lyophilised H. sieboldi fibrillar proteins containing extract (data not shown). The results of the amino acid analysis of this HPLC fraction (Table  1) show glycine to be the dominant amino-acid component (20.7 %) in these fibrillar proteins. This data correlate well with glycine content measured for other marine sponge collagens [30] . The same fraction was investigated using PAAG-Electrophoresis. Corresponding electrophoretic gels stained with Coomassie were used for the determination of the amino-acid sequence by a mass spectrometric sequencing technique as described above. We excised four bands (Table 2 ) and digested protein material in-gel with trypsin to obtain tryptic peptide mixtures for further analysis using LTQ and MALDI peptide finger printing. A comparison to the MSDB protein database led to the identification of collagen alpha 1 and 2 in three out of four high MW bands. They matched to dog collagen alpha 1, rat and bovine collagen alpha 2 ( Table 2) .
We also used FTIR spectroscopy as highly sensitive method [31] to identify collagen isolated from H. sieboldi basal spicules. The results obtained from the FTIR study (data not shown) confirm that collagen derived from sponge spicules exhibited spectra very similar to those from calf skin collagen standard. In contrast to "collagen finding" in spicules of Euplectella species reported previously by Travis et al. [17] , where collagen was suspected to be a contaminant of exogenous nature, we have isolated this protein from H. sieboldi in amounts between 300 and 350 mg collagen per 1 g of glassy spicule.
Conclusion
The structural similarity and homology of collagen derived from H. sieboldi spicules to vertebrate collagen has been confirmed by us unambiguously using XRD, FTIR, amino acid analysis and mass spectrometric sequencing techniques. To our best knowledge, this work is the first study which suggests the presence of collagen within the spicules of Hyalonema sponges. old is collagen?" [32] . The earliest fossil records indicate that soft-bodied multicellular animals including sponges appeared about 600 Myr ago [33] . Molecular biology techniques have also provided evidence that, among the three classes within the plylum Porifera, the Hexactinellida evolved first, followed by the Demospongiae, and finally by the Calcarea [34] . It can be deduced that living organisms at the earliest stages of metazoan evolution can form highly structured silica networks controlled by collagen. Furthermore, in contrast to Demospongiae, where the silica spicules are "glued" together by a collagenous "cement" made of microfibrils [30] , fibrillar collagen isolated by us from H. sieboldi spicules may have a more crucial role in the formation of biosilica-containing structures.
Outlook
The localization and functions of collagen within sponge axial filaments and possible association of silicateins [35] with collagen as domains could be re-examined. We show that the organic matrix of the long, highly flexible spicules from the stalk of a deep-sea glass sponge is fibrillar collagen, the same protein which serves as a template for calcium phosphate deposition in bone. Our finding suggests that silica and bone skeletons share a common origin. Is collagen from this point of view a unified template for biomineralization? Truly understanding the Hexactinellida's collagen templating activity for silica mineralization could be the key to the development of new biomimetically fabricated collagenbased silica materials [36] for biomedical and technical applications.
Abstract
The objects of our study were anchoring spicules from the metre-long stalk of the glass rope sponge (Hyalonema sieboldi) which are remarkable for their size, durability, high flexibility and their exceptional fibre-optical properties which together have aroused interest in them as a novel biomimetic material. Sponge spicules are known to be hierarchically structured but the nature of the organic template on which silica is deposited has eluded identification because the hydrogen fluoride solutions generally used for desilicification drastically change the structure of proteins. To overcome this obstacle, we developed novel, slow-etching methods, which use solutions of 2.5 M NaOH at 37 °C and take 14 days. We show for the first time that the same class of proteins (collagen) involved in cartilage and bone formation also forms the matrix and deposition site of amorphous silica in sponge spicules. Our finding holds promise for development of new biomimetically fabricated, collagenbased, silica composites with applications in material science, biomedicine and other modern technologies. 
